A single-valued double many-body expansion potential energy surface is reported for ground-state HN 2 by fitting accurate ab initio energies that have been suitably corrected by scaling for the H-N 2 and N-NH regions. The energies of ∼900 geometries have been calculated at the multireference configuration interaction level, using aug-cc-pVQZ basis sets of Dunning and the full valence complete active space wave function as reference. The topographical features of the novel global potential energy surface are examined in detail.
Introduction
Several experimental and theoretical studies have attempted to elucidate the possible role of the HN 2 species as a critical step in various reactions. Although this molecule has never been observed experimentally, it has been postulated to be an important intermediary in thermal De-NO x processes, 1,2 with indirect evidence that suggests its existence through the three possible product channels proposed for the NH 2 + NO reaction:
The experiments that are focused to determine the rate coefficient and the major pathway of reaction 1 are far from consistent: although the experimental studies vary widely, in regard to the branching ratio for OH production, none of the experiments observed H atoms. 3 This result, along with the assumed product channels, argues for the existence of the HN 2 species. However, a controversy persists from the kinetics modeling studies. 2, 4 In fact, although an estimate of 10 -4 s for the lifetime produces a reasonable match to experimental observations, the theoretical studies of HN 2 unimolecular decay predict a much shorter value, of 10 -8 -10 -9 s, for the ground vibrational state. [5] [6] [7] Many ab initio studies of the reaction have previously been made to characterize the geometry and energetics of the reactants, transition state, and products. 3 All previous calculations concluded that the title system is quasibound (the global minimun is located above the H + N 2 asymptote) with a barrier height to dissociation of ∼11 kcal/ mol. From such studies, a global potential energy surface was reported by Walch 5, 8, 9 and Koizumi et al. 6 for the H + N 2 channel. On the basis of a spline fit of the ab initio points calculated using the completed active space self-consistent field/ externally contracted configuration interaction (CASSCF/CCI) method and two different basis sets, Walch and co-workers predicted, depending on the basis set used, a barrier height of 10.2 or 11.3 kcal/mol and a global minimum of 5.6 or 3.9 kcal/ mol above the H + N 2 asymptote. In a subsequent paper, 10 Walch and Partidge attempted a conclusive and accurate prediction of the HN 2 unimolecular decomposition. They reported a systematic study of the HN 2 energetics using the complete active space self-consistent field/ internally contracted configuration interaction (CASSCF/ICCI) method and the cc-pVDZ, cc-pVTZ, cc-pVQZ, and cc-pV5Z basis sets of Dunning. 11, 12 From such results, an extrapolation to the complete basis set limit has been obtained, which yields a barrier height of 11.34 kcal/mol and a global minimum 4.31 kcal/mol above the H + N 2 asymptote. A slight difference between the constrained minimum path calculated at this level of theory and the one previously estimated using a potential energy surface 6 induced those authors to conclude "...we are very confident of the theoretical lifetime predictions for the HN 2 radical".
In a more recent publication, Gu et al. 13 reported a high level CCSD(T)/aug-cc-pVQZ calculation of the stationary points for the title system. They predict the classical barrier height for the reaction HN 2 f H + N 2 to be 10.7 kcal/mol, thus lying 0.6 kcal/mol below the extrapolated value reported by Walch and Partridge. 10 In turn, the calculated 13 exothermicity for the reaction H + N 2 f HN 2 is 3.8 kcal/mol, which is, thus, slightly smaller than the extrapolated value 10 of 4.31 kcal/mol. We may therefore argue that there is not a conclusive result yet for the HN 2 lifetime.
In this work, we report the first realistic global potential energy surface for the ground electronic state of the title system, based on the double many-body expansion [14] [15] [16] [17] (DMBE) method. Being a potential fragment of larger N x H y species, such as those of relevance in studying the synthesis of ammonia, it may also be of crucial importance in constructing the corresponding global DMBE forms for larger hydrogen-nitrogen polyatomic species. Indeed, this has been a major motivation for the present work. Specifically, the analytic HN 2 DMBE potential energy surface will be calibrated from ∼900 ab initio points that were calculated at the multireference configuration interaction (MRCI) level, using the full valence complete active space (FVCAS) reference function and the aug-cc-pVQZ (AVQZ) Dunning 11, 12 basis set. The ab initio energies calculated in this way have been subsequently corrected, using the double * Author to whom correspondence should be addressed. E-mail address: varandas@qtvs1.qui.uc.pt.
many-body expansion-scaled external correlation 18 (DMBE-SEC) method to extrapolate to the complete basis set/complete configuration interaction limits. As usual in DMBE theory, [14] [15] [16] [17] the potential energy surface so obtained shows the correct longrange behavior at all dissociation channels while providing a realistic representation of the surface features at all interatomic separations (e.g., van der Waals wells at intermediate atomdiatom separations). The paper is organized as follows. Section 2 describes the ab initio calculations that have been performed in the present work. In Section 3, we examine the analytical representation of the potential energy surface; specifically, Section 3.1 focuses on the two-body energy terms, whereas Section 3.2 concentrates on the three-body energy terms. The main topographical features of the DMBE potential energy surface are discussed in Section 4. Some concluding remarks are given in Section 5.
Ab Initio Calculations
The ab initio calulations have been performed at the MRCI 19 level, using the FVCAS 20 wave function as reference. This involves nine active orbitals (7a′ + 2a′′), with the nitrogen 1s orbitals forming the 1a′ and 2a′ molecular orbitals, having been left uncorrelated. Such a FVCAS reference wave function represents a total of 3080 configuration state functions. For the basis set, we have selected the aug-cc-pVQZ (AVQZ) of Dunning, 11, 12 with the correlated ab initio calculations being performed using the MOLPRO 21 package. Approximately 900 grid points have been computed to map the potential energy surface over the region defined by 1.6 e R N2 /a 0 e 2.8, 1.5 e r H-N2 /a 0 e 10.0, and 0.0 e γ e 90°for H-N 2 interactions, and 1.5 e R NH /a 0 e 2.4, 1.5 e r N-NH /a 0 e 6.0, and 0.0 e γ e 180°for N -NH interactions; r, R, and γ are the corresponding atom-diatom Jacobi coordinates.
The ab initio energies calculated in this way have been subsequently corrected using the DMBE-SEC 16 method to account for the excitations beyond singles and doubles and, most importantly, for the incompleteness of the basis set. Thus, the total DMBE-SEC interaction energy is written as where and where R ) {R i } is a collective variable of all internuclear distances. In turn, the first two terms of the SEC series expansion assume the form Following previous work, 16 the F AB (2) parameter in eq 6 has been chosen to reproduce the bond dissociation energy of the corresponding AB diatomic, while F ABC (3) has been estimated as the average of the two-body F-factors. Such a procedure leads to the following values: F NN (2) ) 0.758, F NH (2) ) 0.948, and F NNH (3) ) 0.885.
Double Many-Body Expansion Potential Energy Surface
3.1. Two-Body Energy Terms. The diatomic potential curves have been modeled using the extended Hartree-Fock approximate correlation energy method for diatomic molecules, including the united atom limit 22 (EHFACE2U), with the available parameters being determined by fitting experimental and ab initio data. Thus, they assume the general form 15, 22 where the label EHF refers to the extended Hartree-Fock type energy and the label dc indicates the dynamical correlation energy. As usual, the latter is modeled semiempirically by 23 with the damping function for the dispersion coefficients assuming the form 〉 is the expectation value of the squared radius for the outermost electrons of atom X (where X ) A, B). Finally, the exponential decaying portion of the EHF-type energy term assumes the general form where r ) R -R e is the displacement from the equilibrium diatomic geometry, and D and a i (i ) 1,..., n) are adjustable parameters to be obtained as described elsewhere. 15, 22 Specifically, the potential curve of ground-state N 2 (X 1 Σ + ) has been calibrated by fitting simultaneously vibrational frequencies, RydbergKleing-Rees (RKR) turning points, 25 and the ab initio energies calculated in the present work for the repulsive wing. Figure 1 shows that the final potential curve reproduces our calculated
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ab initio energies. In turn, for ground-state imidogen, NH(X 3 Σ -), we have used a previously reported potential energy curve 26 calibrated from the MRCI+Q ab initio points of Stallcop et al. 27 The numerical values of all the parameters are, for both diatomic potentials, gathered in Table 1 .
Three-Body Energy Terms.
In regard to the two-body energies, the three-body energy splits into several contributions. First, the three-body energy is divided into an extended HartreeFock part and a dynamical correlation part. For the three-body dynamical correlation, we select the form that was proposed elsewhere by one of us 28 for the water molecule, namely where the i label represents the I-JK channel associated with the center of mass separation r i , R i is the J-K bond distance, and cos θ i ) r
(For the notation, see Figure 1 of ref 16.) For n ) 6, 8, and 10, C n (i) (R i ,θ i ) are atom-diatom dispersion coefficients, which are given by where P L (cos θ i ) denotes the L-th term of the Legendre polynomial expansion. In addition, the function n (r i ) in eq 16 is the corresponding diatomic damping function. Moreover, f i (R) is a switching function that is chosen from the requirement that its value must be +1 at R i ) R i e and r i f ∞, and 0 when R i f ∞. One such form is 28 where s i ) R i -R i e (corresponding expressions apply to s j , s k , f j , and f k ) and η is a constant that is chosen to ensure the proper asymptotic behavior. Following previous work, 28 we adopt a value of η ) 3. In addition, the parameter has been assumed to be equal to 1.0 a 0 -1 . Regarding the damping function n (r i ), we still adopt eq 10 but replace R by the center-of-mass separation for the relevant atom-diatom channel. In addition, the value of F has been assumed by considering R 0 in eq 13 as the average of the LeRoy parameters for NO and SiH, which leads to a value of F ) 15.9.
Three-Body Dynamical Correlation Energy.
The L ) 0, 2, and 4 components of the atom-diatom dispersion coefficients have been considered, with the involved internuclear dependences being estimated as reported elesewhere, 29 i.e., using the dipolar polarizabilities calculated in the present work at the MRCI level of theory jointly with the generalized SlaterKirkwood approximation. 30 The atom-diatom dispersion coefficients thus calculated were then fitted to the form where r ) R -R M is the displacement relative to the position of the maximum. The parameters that resulted from such fits are reported in Table 2 , whereas the internuclear dependences of the dispersion coefficients are shown in Figure 2 .
As noted elsewhere, 28 eq 16 causes an overestimation of the dynamical correlation energy at the atom-diatom dissociation channels. To correct such a behavior, we have multiplied the two-body dynamical correlation energy for the i-th pair by f i (R) and correspondingly for channels j and k. This ensures 28 that the only two-body contribution at the i-th channel is that of JK.
Three-Body Extended Hartree-Fock Energy.
By removing, for a given triatomic geometry, the sum of the twobody energy terms from the corresponding DMBE-SEC interaction energies (eq 3), which was defined with respect to the infinitely separated ground-state atoms, one obtains the total three-body energy. Therefore, by subtracting the three-body dynamical correlation contribution (eq 16) from the total threebody energy that is calculated in that way, one obtains the threebody extended Hartree-Fock energy contribution. To represent the latter, we use the following three-body distributedpolynomial 31 form:
where P (j) (Q 1 , Q 2 , Q 3 ) is the j-th polynomial. To the sixth order, this assumes the form 
, and S 3 3 ) Q 3 3 -3Q 2 2 Q 3 , with Q i (i ) 1-3) being symmetry coordinates that are defined, for the j-th polynomial, by where the superscript "ref" means a reference geometry. Figure  3 displays the reference geometries that are used to define the displacement coordinates used to write the five EHF-type polynomials in eq 20. Note that the first and second polynomials (which refer to the first and second sets of coefficients in Table  3 ) are respectively centered in structures a) and b) of Figure 3 . In turn, two other polynomials use the same set of coefficients (the third column of Table 3 ), which are centered in structure c) of Figure 3 . The last polynomial, P (5) (Q 1 , Q 2 , Q 3 ), is centered at reference geometry d) in Figure 3 , which lies close to the equilibrium structure of the weakly bound H‚‚‚N 2 van der Waals species. Note that this includes up to cubic terms only, because this proved to be sufficient for our fitting purposes. To obtain R i j,ref , we have first assumed their values to coincide with the (
) ( Table 3 . A total of 913 points have been used for the calibration procedure, with the energies covering a range up to 500 kcal/mol above the H + N 2 asymptote. Table 4 shows the stratified root-mean-square deviation (rmsd) values of the final potential energy surface, with respect to the fitted and nonfitted ab initio energies. This table shows that the final potential energy surface is able to fit the region of major chemical interest (308 ab initio points with energies up to 40 kcal/mol) with a high accuracy (rmsd ) 0.256 kcal/mol). This region includes the global minimum and the transition state for the H + N 2 dissociation process. The major deviations correspond to points close to the conical intersection (thus, they have not been included in the fitting procedure, to warrant a behavior of the final single-valued form that is as smooth as possible) and at high repulsive regions of the potential surface. Clearly, the DMBE potential energy surface that has been obtained in this way accurately reproduces all fitted and nonfitted ab initio points, up to 500 kcal/mol. Figure 4 illustrates the quality of the final fitted form. The profiles correspond to minimum energy cuts for 10 distinct values of γ, whereas the displayed ab initio points form a small set of the total number of points used in the fitting procedure; they have been calculated by optimizing R N2 at specified values of γ and r H-N2 . The two conical intersections that result for T-shaped and linear configurations are clearly visible in Figure 4. We emphasize that the regions close to such topological features are smoothed out (i.e., they resemble avoided intersections) in the single-valued representation used in the present work. Thus, the points close to the actual crossing seam (indicated in the plot as unfilled circles) have not been included in the fitting procedure, to avoid spoiling its quality at the regions of more chemical interest.
Major Features of Potential Energy Surface
Figures 5 and 6 illustrate the major topographical features of the HN 2 DMBE potential energy surface that has been calculated in the present work. Specifically, Figure 5 shows energy contours for a H atom moving around a N 2 ground-state diatomic whose bond length is partially relaxed for each position of the H atom. The corresponding plot for a N atom moving around NH is presented in Figure 6 . The salient features from these plots are some of the most relevant stationary points for the title system. A characterization of their attributes (geometry, energy, and vibrational frequencies) is reported in Table 5 . Also included for comparison in this table are the results that have been obtained from other potential energy surfaces. Note that we have calculated a denser grid of energies in the vicinity of some stationary points which were then used to fit a local polynomial form to obtain an optimum prediction of the spectroscopic properties at the correlated ab initio level. Table 8 a0 e RN 2 e 2.4 a0) , which lies along the x-axis with the center of the bond fixed at the origin. Contours are equally spaced by 0.005Eh, starting at -0.3640Eh. Contours in dashed lines emphasize the van der Waals minimum; they are equally spaced by 0.000005E h, starting at -0.36414Eh. Also shown are the calculated ab initio points for the H atom moving around N2 diatomic, whose bond distance varied over a range from 1.6 a0 to 2.8 a0. 6 summarizes the properties obtained for other relevant stationary points, including the shallow van der Waals minimum in Figure 5 for intermediate H-N 2 distances.
Clearly, the current HN 2 DMBE potential energy surface provides an accurate representation of the properties of the global minimum and the two most important transition states: one that is associated with the reaction H + N 2 f NH + N, and another that is associated with the HN 2 isomerization process. Specifically, the barrier height for the process HN 2 f H + N 2 is predicted to be 10.6 kcal/mol before inclusion of the zero-point energy correction. Thus, it lies slightly below the 11.3 kcal/mol extrapolation of Walch and Partridge, 10 while being very similar to the result reported by Gu et al. 13 These authors have used an aug-cc-pVQZ basis set and the CCSD(T) method, having predicted a barrier height of 10.7 kcal/mol. As they also observed, experience suggests that such a barrier may be further reduced when larger basis sets and higher levels of theory are used. 8, 13 The fact that our prediction lies slightly below the best-available theoretical estimates may then provide an indication that the DMBE-SEC method can reliably be used to extrapolate the ab initio energies to the complete basis set/ configuration interaction limit.
We now turn to the global minimum, which is predicted in the present work to be 4.5 kcal/mol above the H + N 2 asymptote. Thus, it lies close to the Walch and Partridge 10 extrapolation of 4.31 kcal/mol and only slightly above the Gu et al. 13 prediction of 3.8 kcal/mol. This result may not be surprising, because the literature shows that the estimated values for the barrier height have a tendency to show a more stable trend (∼11 kcal/mol) than the calculated exothermicity for the reaction HN 2 f H + N 2 . We may attribute such a behavior to the fact that the exothermicity is dependent on the level of ab initio theory and basis set used in a more subtle way 3, 8, 10, 13 (the best reported values cover the range of 3.0-5.6 kcal/mol). In fact, the calculated values reflect the dificulties that are usually encountered by the theoretical methods in describing both the short-range and long-range interactions in a balanced way.
The saddle point for the HN 2 isomerization process is located at a T-shaped configuration prior to the conical intersection, lying 48.5 kcal/mol above the H + N 2 asymptote. Both such features are visible in Figure 5 , being located along the y-axis at ∼2.0 a 0 . Thus, our estimated barrier height is somewhat smaller than the value of 51.6 kcal/mol that was reported by Walch, 8 which may have implications on the lifetime of the HN 2 metastable species.
As shown in Figure 5 , the present calculations predict a C 2V van der Waals minimum with a well depth of 0.07 kcal/mol, relative to the H + N 2 asymptote. It is a very shallow minimum, which indicates an almost-free rotation of the H atom around N 2 . Thus, in reality, the correct location of the lowest energy that is associated with such a weakly bound structure can hardly be warranted to correspond to a C 2V -type structure, despite the care taken in performing the least-squares fit and the appreciable number (46 in total) of ab initio points that have been calculated for r H-N2 g 6.5 a 0 . Tables 5 and 6 show that the spectroscopic properties of all the stationary points in the DMBE potential energy surface are similar to the frequencies obtained when a Taylor-series-type expansion is instead used to fit a dense grid of energies in the vicinity of such points. Indeed, the average percentage error in the calculated frequencies is 1.0% for the global minimum, saddle point for the H + N 2 reaction, and saddle point for the HN 2 isomerization. Figure 7 shows a contour plot for the linear N-H-N stretching. The main features are the two equivalent NH‚‚‚N hydrogen-bond type structures, and the saddle point for the H-atom exchange process. Note that such structures are not true minima in three-dimensional configuration space, but rather are linear transition states, as indicated by the dashed contours in Figure 6 . Indeed, they have a positive curvature with respect to NH‚‚‚N stretching but a negative one with respect to bending. Table 6 summarizes the geometries, energies, and vibrational frequencies of such stationary points.
Finally, in Figure 8 , we show a countor plot for the C 2V insertion of an H atom into N 2 . Although the dashed contours might suggest the resulting linear configuration to be a minimum, it is indeed a saddle point, because it has a negative curvature with respect to the bending mode (H-atom insertion). In fact, such a "minimum" corresponds, in reality, to the saddle point that connects the two NH‚‚‚N hydrogen-bond type structures that are observed in Figure 7 . Also visible from Figure  8 is a shallow "minimum" located at r H-N2 ≈ 2.0 a 0 , which is related to the saddle point that connects the two equivalent metastable structures shown in Figure 5 . Finally, for large atomdiatom separations, we observe the very shallow H‚‚‚N 2 van der Waals minimum that has been already discussed previously (see Figure 5 and Table 6 ).
Concluding Remarks
We have reported a single-valued DMBE potential energy surface for ground-state HN 2 , on the basis of a realistic representation of the long-range forces and a fit to accurate ab initio calculations. The various topographical features of the new potential energy surface have been carefully examined and compared with previous calculations for the title system, most importantly, a potential energy surface that was previously reported by Walch and collaborators. 5, 6, 8, 9 The geometries and spectroscopy of the main stationary points for the HN 2 global minimum, transition state for dissociation, and isomerization barrier height are reproduced very accurately when compared with the best available theoretical estimates. We emphasize that the predicted barrier height for dissociation lies below the best available estimates, 10, 13 which suggests that the DMBE-SEC method offers a reliable means to extrapolate accurate correlated energies to the basis set/configuration interaction limit. Thus, we speculate that dynamics calculations that use the new potential energy surface are likely to predict a lifetime for the HN 2 species that is even shorter than previously reported estimates. Because the global minimum is predicted to lie 4.5 kcal/mol above the H + N 2 asymptote (which is slightly above the best estimates reported in the literature), we further argue that the stability of such a structure is yet unresolved, although it definitely seems to be a metastable one. To summarize, the DMBE potential energy surface reported in the present work is globally valid and accurately fits our ab initio calculations and, for that reason, is being recommended for future dynamics studies of the H + N 2 f HN 2 f HN + N reaction.
